-dependent signaling and synaptic plasticity. Previous studies have suggested that the synaptic trafficking of NMDAR subtypes is differentially regulated, but the precise molecular mechanism is not yet clear. In this study, we demonstrated that Bip, an endoplasmic reticulum (ER) chaperone, selectively interacted with GluN2A and mediated the neuronal activity-induced assembly and synaptic incorporation of the GluN2A-containing NMDAR from dendritic ER. Furthermore, the GluN2A-specific synaptic trafficking was effectively disrupted by peptides interrupting the interaction between Bip and GluN2A. Interestingly, fear conditioning in mice was disrupted by intraperitoneal injection of the interfering peptide before training. In summary, we have uncovered a novel mechanism for the activity-dependent supply of synaptic GluN2A-containing NMDARs, and demonstrated its relevance to memory formation.
Introduction
The N-methyl-D-aspartate receptor (NMDAR) plays vital roles during brain development, plasticity, and pathology. Functional NMDARs are tetramers, mainly composed of two obligatory GluN1 subunits and two regulatory GluN2 subunits. The GluN2A and GluN2B subunits are prominently expressed in the forebrain and endow the NMDARs with distinct functional properties in terms of channel kinetics, expression pattern, and coupling to intracellular signaling [1] [2] . Importantly, the number and composition of the GluN2A-and GluN2B-containing NMDARs on synapses are dynamically regulated during development and neuronal activation, and this is thought to govern synaptic plasticity. A switch in the composition of synaptic NMDARs from GluN2B to GluN2A during development has been extensively studied [3] [4] [5] . An increase of synaptic GluN2A-containing NMDARs has also been found in adult mice after environmental stimulation [6] [7] [8] [9] [10] and even after behavioral training [11] [12] .
Interestingly, the neuronal activity-induced regulation of synaptic GluN2A-and GluN2B-containing NMDARs does not run in parallel. The rapid upregulation of Glu-N2A-containing NMDARs is not usually accompanied by an increase of those containing GluN2B, suggesting that the two subtypes are regulated through differential but coordinated trafficking pathways. The surface expression of both GluN2A and GluN2B can be regulated by phosphorylation [13] . The phosphorylation of GluN2B npg www.cell-research.com | Cell Research results in a change of its lateral diffusion between synaptic and extrasynaptic regions and its endocytosis [14] [15] [16] [17] . It has been suggested that the endocytosis of GluN2A can also be regulated by phosphorylation [18] . However, GluN2A is less mobile than GluN2B and is more stably located at the synapse, thus its surface expression may be regulated by other process. Current evidence [19] [20] indicates that there are two protein-trafficking modalities in dendrites. In the canonical pathway, the synthesis and maturation of nascent proteins are completed in the soma and then these proteins are transported to distal dendrites via Golgi-sorted vesicles. In the non-canonical pathway, proteins bypass the somatic Golgi apparatus and are transported to dendritic Golgi outposts via the dendritic ER [19, 20] . It was earlier believed that the GluN2B subunit is transported from soma to distal dendrite in the form of Golgi-sorted vesicles and depends on a neuron-specific kinesin, kif17 [21, 22] , suggesting that GluN2B is transported via the canonical trafficking pathway. However, a recent study has indicated that the GluN1 and GluN2B subunits can be transported via a non-canonical pathway in which they bypass the somatic Golgi and are transported along dendrites within the ER, and this process is mediated by SAP97 and CASK [23] .
Less is known about the precise mechanism of Glu-N2A trafficking. Existing evidence suggests that GluN2A is likely transported via a non-canonical pathway [24, 25] . It has been reported that SAP97, which mediates the non-canonical trafficking of GluN2B and GluN1, also interacts with GluN2A within the ER and their interaction can be regulated by CaMKII [24] . Furthermore, it was recently found that dendritic synthesis of GluN2A is initiated after the induction of chemical long-term potentiation (cLTP) [25, 26] . This evidence indicates that GluN2A can be transported directly from dendrite into synapse without lateral trafficking, thus independently of kinesin and microtubules. This trafficking feature of GluN2A differs from that of GluN1 and GluN2B, which require the microtubule-dependent motor protein kif17 even for non-canonical trafficking. Nevertheless, more evidence is required to better understand the molecular mechanism of the non-canonical trafficking of GluN2A during neuronal activation and its significance. In this study, we uncovered a novel mechanism for the synaptic delivery of the GluN2A-containing NMDAR from the dendritic ER. We identified Bip, an ER chaperone, as a selective GluN2A-binding protein and a mediator in the assembly and delivery of the GluN2A-containing NMDAR to the synapse during neuronal activation. Furthermore, we found that interrupting the binding of Glu-N2A to Bip effectively impaired the acquisition of fear conditioning in mice.
Results

ER chaperone Bip selectively interacts with the GluN2A subunit of NMDAR
In a previous study, we found an ER retention signal located in the amino-terminal domain (ATD) of GluN2A, but not its homolog GluN2B [27] . Thus, we set out to further explore the molecular mechanism underlying this signal-mediated GluN2A ER retention and its function. We started by screening the proteins that interacted with the ATD of GluN2A. GFP-tagged GluN2A-ATD was expressed in HEK293 cells transfected with pD-ATD 2A -GFP. This is a single transmembrane domain protein facing ER luminal side. The cell lysate was co-immunoprecipitated with GFP antibodies, and the specific bands were analyzed by mass spectrometry. We therefore identified a GluN2A-ATD-interacting ER-located chaperone protein, Bip ( Figure 1A) , and confirmed that Bip selectively interacted with the ATD of GluN2A but not that of GluN2B ( Figure 1B) . We further confirmed that Bip did not interact with GluN1 or GluN2B in rat cortical tissue at embryonic day 18 (E18), when Glu-N2A is not yet expressed, while in the adult rat cortex Bip had a much stronger interaction with GluN2A than with GluN2B or GluN1 ( Figure 1C ). The interaction between the substrate-binding domain (SBD) of Bip and GluN2A was further examined by GST pull-down assay ( Figure 1D ). Using co-immunoprecipitation (co-IP) and mass-spectrometry, we also identified two other ER chaperones, GRP94 and ERp72, and found that they interacted with GluN2A-ATD at trace levels in HEK293 cells ( Figure 1A and 1B) . However, we failed to immunoprecipitate subunits of the NMDAR using antibodies against GRP94 or ERP72, suggesting a weak or unstable interaction between them. Thus, we focused on studying the function of Bip in the trafficking of the GluN2A-containing NMDAR. We examined the distribution of Bip in neurons, and found that it was strongly expressed in both the somata and processes of neurons in the cortex and hippocampus ( Figure 1E-1G) , and Bip partly co-localized with GluN2A in the dendrites of cultured cortical neurons. However, we did not find co-localization of Bip and PSD95. To further confirm this result, we used Stochastic Optical Reconstruction Microscopy (STORM) to analyze the sub-localization of Bip in dendrites at higher spatial resolution [28] , and found that Bip was mainly expressed in the dendritic shaft but rarely co-localized with PSD95 ( Figure 1H ). Consistent with this, Bip was absent from the Triton X-insoluble postsynaptic density (PSD) fraction ( Figure 1I ). These data showed that the ER chaperone, Bip, binds specifically with GluN2A through its SBD domain, suggesting that Bip might se-npg www.cell-research.com | Cell Research lectively participate in regulating the trafficking of the GluN2A-but not the GluN2B-containing NMDAR.
Synaptic expression of the GluN2A-containing NMDAR increases after cLTP induction
Next, we further explored the potential role of Bip in the dendritic trafficking of GluN2A. We induced cLTP in cultured neurons since it has been reported that the surface expression of the GluN2A-containing NMDAR increases in this condition [25, 29] . By using surface biotinylation, we found that indeed the surface expression of GluN2A increased after cLTP induction, while that of GluN2B decreased (Figure 2A and 2B) . We then assessed the accumulation of GluN2A in the Triton X-insoluble PSD fraction with the same stimulation, and found that it also increased, while GluN2B decreased ( Figure 2C and 2D). To further confirm these results, we assessed the surface expression of transfected CFP-Glu-N2A and CFP-GluN2B in cultured cortical neurons and obtained consistent results ( Figure 2E and 2F). To ensure the effectiveness of the cLTP stimulation in our experiments, the phosphorylation of GluA1 serine 845 of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) was assessed and it was increased as predicted ( Figure 2C ). We further found that under the same conditions both the surface expression and the PSD accumulation of GluA1 increased (Figure 2A-2F) , as predicted [29] [30] . These results are consistent with previous studies showing that the cLTP protocol effectively increases the surface expression of the GluN2A-containing NMDAR. In addition, the increase of GluN2A in the PSD fraction suggests a synaptic accumulation of the GluN2A-containing NMDAR.
Bip participates in the synaptic insertion of the Glu-N2A-containing NMDAR during cLTP
To further explore the role of Bip in the surface expression of the GluN2A-containing NMDAR, we investigated the change of the interaction between Bip and GluN2A by co-IP after induction of cLTP. The results showed that the fraction of GluN2A binding with Bip declined, while the interaction between Bip and GRP94 was not affected ( Figure 3A and 3C) . Meanwhile, the fraction of GluN2A associated with GluN1 increased ( Figure 3B and 3C ). However, it is possible that this change was a natural result of forward-trafficking of Glu-N2A. To determine whether the interaction between Bip and GluN2A was dynamically modulated by neuronal activity, we used Brefeldin A (BFA; 20 µg/ml) [31] to inhibit the forward transport of GluN2A. BFA inhibits the transport of nascent proteins by preventing the formation of coat protein I vesicles, and as a result the nascent proteins accumulate in the ER [32] . If the separation of Bip and GluN2A was simply a result of forward transport of GluN2A, it would be prevented by BFA. However, we found that BFA did not inhibit the separation of GluN2A from Bip ( Figure 3A and 3C) . Therefore, the separation induced by cLTP occurred before the transport of Glu-N2A from ER-to-Golgi, and was not simply caused by forward trafficking. These data also showed that the assembly of GluN1 and GluN2A occurred along with the separation of Bip and GluN2A, suggesting continuity between these two events.
To further characterize the separation of Bip and GluN2A during cLTP, we investigated the change of co-localization between Bip and GluN2A in dendrites. We found that 57.9% ± 1.74% (n = 18) of GluN2A co-localized with Bip in secondary and tertiary dendrites, and the fraction declined significantly after cLTP, suggesting a separation of GluN2A from Bip ( Figure 3D and 3E). At the same time, we found that the co-localization of Glu-N2A and PSD95 increased after cLTP stimulation ( Figure  3D and 3F). The fraction of GluA1 that co-localized with PSD95 also increased, which validated the effectiveness of the stimulation ( Figure 3D and 3F) [33] . These data suggested that the release of GluN2A from Bip occurs in dendrites, consistent with a previous study showing that cLTP results in the dendritic synthesis of GluN2A [25] . Together, these data showed that the interaction between Bip and GluN2A was dynamically regulated by cLTP inside the dendrites.
Synaptic increase of the GluN2A-containing NMDAR depends on its trafficking from dendritic ER to synapse
Unlike other cells, neurons have evolved a non-canonical trafficking pathway in which proteins are synthesized and sorted by axonal or dendritic ER and Golgi outposts and transported directly into synapses [19, 20, [34] [35] [36] . This pathway is widely recognized for the GABA receptor, the Kv4 K + channel, and the NMDAR [37] [38] [39] . It has been reported that the surface expression of GluN2A induced by cLTP depends on dendritic synthesis [25] , and this is consistent with our results that GluN2A partly co-localized with the ER chaperone Bip in dendrites and this interaction was dynamically regulated by neuronal activity. However, we did not see a significant change in the total expression of GluN2A during cLTP, which suggested that there may be a reserve pool of GluN2A subunit protein in the dendritic ER for rapid replenishment of synaptic GluN2A-containing NMDARs during cLTP. Thus, we used a set of pharmacological agents to determine whether the GluN2A-containing NMDARs expressed during cLTP induction were transported in through non-canonical pathway (Supplementary infor- Figure 2 Neuronal activity increases the surface expression of GluN2A-containing NMDARs. (A) The surface expression of endogenous GluN2A, GluN2B, and GluA1 during cLTP was assessed by biotinylation. (B) Quantification of surface expression of endogenous receptors after cLTP. GluN2A: 192.6% ± 18.8%, n = 5; GluN2B: 71.7% ± 35.9%, n = 3; GluA1: 176.7% ± 58.7%, n = 3. (C) The Triton X-insoluble PSD fraction (TIF) was extracted and the increase of endogenous GluN2A and GluA1 in the TIF 20 min after cLTP was quantified. The phosphorylation of serine 845 (GluA1S 845 ) was also assessed. (D) Quantification of accumulation in the TIF. GluN2A: 148.5% ± 7.5%, n = 6; GluN2B: 66.4% ± 11.8%, n = 6; GluA1: 224.3% ± 20.4%, n = 5. (E) CFP-GluN2A, CFP-GluN2B or CFP-GluA1 was transfected into cultured cortical neurons at DIV 10, and surface expression was measured at DIV 14-16. Surface CFP-GluN2A, CFP-GluN2B and CFP-GluA1 were stained with rabbit anti-GFP primary antibody and Alexa 546-conjugated donkey anti-rabbit secondary antibody. The total CFP-GluN2A, CFP-GluN2B and CFP-GluA1 were stained with the same primary antibody but with Alexa 488-conjugated secondary antibody after membrane permeabilization. Scale bar = 50 µm. (F) Quantification of surface expression of transfected receptors. GluN2A: 118.1% ± 2.01%, n = 31; GluN2B: 85.4% ± 2.7%, n = 31; GluA1: 152.3% ± 3.5%, n = 31. All data are presented as mean ± SEM. *P < 0.05, **P < 0.01. mation, Figure S1 ).
First, we determined whether inhibiting ER-to-Golgi transport abolishes the increase of surface NMDARs by using BFA (20 µg/ml), and 1,3-cyclohexanebis (methylamine) (CBM, 2 mM), both of which interfere with the early forward transport of integral protein from the ER The GluN1 antibody was used to co-immunoprecipitate GluN2A or Bip from cultured cortical neurons (IP:GluN1-Ab: fraction co-immunoprecipitated by GluN1). (C) Quantification of Bip-GluN2A and GluN1-GluN2A interactions normalized to the control group (Ctl). After cLTP: GluN2A-Bip interaction: 56.7% ± 5.7%, n = 5; GluN2A-GluN1 interaction: 167.9% ± 22.4%, n = 6. After cLTP with BFA: GluN2A-Bip interaction: 49.7% ± 6.0%, n = 5; GluN2A-GluN1 interaction: 188.9% ± 37.3%, n = 6. (D) Representative images of co-localization of GluN2A with Bip and PSD95 before and after cLTP stimulation. CFP-GluN2A was first transfected into cultured cortical neurons, and the co-localization of GluN2A with Bip or PSD95 was assessed by primary antibodies against GFP, Bip or PSD95. Scale bar = 10 µm. (E) Quantification of co-localization between Bip and GluN2A. Before cLTP (Ctl): 57.9% ± 1.8%, n = 18; after cLTP: 41.9% ± 1.7%, n = 18. *P < 0.05. (F) Quantification of co-localization between GluA1 and GluN2A with PSD95. Before cLTP: GluN2A co-localization with PSD95: 57.3% ± 1.3%, n = 21; GluA1 co-localization with PSD95: 66.1% ± 2.3%, n = 21. After cLTP: GluN2A co-localization with PSD95: 79.4% ± 7.3%, n = 21; GluA1 co-localization with PSD95: 76.7% ± 4.2%, n = 20. All data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. [40] . We applied BFA or CBM simultaneously with cLTP induction and found that both inhibitors blocked the surface increase of CFP-GluN2A in transfected cultured cortical neurons ( Figure 4A and 4B). However, it has been reported that high levels of BFA can affect the overall intracellular transport system, including the mobility of endosomes and lysosomes [32] . To exclude this possibility, we assessed whether the surface expression of GluA1 induced by cLTP was inhibited by BFA or CBM, because AMPARs are stored inside synapses in recycling vesicles and their insertion into the synaptic membrane during cLTP is independent of ER-to-Golgi trafficking. As predicted, we found that neither BFA nor CBM inhibited the cLTP-induced surface insertion of CFP-GluA1 ( Figure 4C and 4D), suggesting that BFA and CBM did not disturb the exocytosis of AMPARs from the vesicle pool in a nonspecific manner.
We further analyzed GluN2A trafficking during cLTP in a well-established, more physiological model [41, 42] , using whole-cell recordings from CA1 pyramidal neurons in hippocampal slices from P7-P12 rats. We delivered an cLTP induction protocol to drive the synaptic GluN2B-to-GluN2A switch in these neurons. After induction and a short stable recording of NMDAR current, ifenprodil (3 µM) was added for > 25 min to block the GluN2B-containing NMDAR current, and the residual current indicated the proportion of GluN2A-containing NMDARs. The residual current was 70% of the total current after induction, while it was 40% in the non-induced group ( Figure 4E and 4F ). This experiment demonstrated that we successfully recorded an increase of GluN2A surface expression after the cLTP induction protocol was delivered. We tested whether the increase was inhibited by BFA, and as predicted we found that intracellular application of BFA attenuated the switch from GluN2B to GluN2A ( Figure 4G and 4H). These data showed that the increase of surface GluN2A depended on ER-to-Golgi trafficking, which suggested that the increased GluN2A is delivered to the synaptic surface from the ER. Next, we tested whether nascent protein synthesis is required for the neuronal activity-induced surface expression of GluN2A-containing NMDARs. We found that simultaneous application of the translation inhibitor cycloheximide (CHX, 5 µg/ml) with cLTP induction was ineffective, but pre-incubation with CHX for 0.5 h blocked the surface increase of CFP-GluN2A, and pretreatment with CHX for 1.5 h failed to inhibit the membrane insertion of AMPARs during cLTP (Supplementary information, Figure  S2 ). Since our construct of CFP-GluN2A contained the 3′UTR which is needed for its dendritic synthesis, these results demonstrated that, consistent with previous studies, the translation of GluN2A was initiated by cLTP [25] , and also showed that the protein synthesis and trafficking may be temporally coordinated; that is, trafficking of the receptors is required for rapid insertion, while synthesis serves as a further support and provides a supply for replenishment of the receptor in the dendritic ER. We further clarified whether the increased surface GluN2A during cLTP was transported via the canonical or the non-canonical pathway. We assessed whether the surface increase of the GluN2A-containing NMDAR depended on microtubules and/or actin, since in canonical trafficking, the transport of nascent protein from soma to distal dendrites requires microtubules, but in non-canonical trafficking the nascent protein is locally synthesized in the ER [25, 26] and transport from the dendritic ER into the spine and synapse only requires actin [43] . Thus, if GluN2A was transported through the canonical pathway, the synaptic insertion of GluN2A would be blocked by both the actin inhibitor cytochalasin D and the microtubule inhibitor nocodazole, but if it was transported through the non-canonical pathway, its synaptic insertion would be insensitive to nocodazole. We first assessed this method by examining the dependence of membrane expression of GluA1 on cytochalasin D and Nocodazole, since AMPARs are stored in recycling endosomes inside the synapse, therefore its membrane expression during LTP is not dependent on microtubules [44] . We incubated cultured cortical neurons with cytochalasin D (10 µM) or Nocodazole (10 µg/ml) for 2 h to inhibit the actin or microtubules, and found that the increase of surface CFP-GluA1 was abolished by cytochalasin D but not nocodazole ( Figure 5A and 5B). We assessed the effects of both drugs on CFP-GluN2A and found that the increase of surface CFP-GluN2A was abolished by cytochalasin D but not nocodazole ( Figure 5C and 5D ). The transport of mitochondria is known to be microtubule-dependent and sensitive to nocodazole [45] [46] [47] . Therefore, we further verify that 2 h treatment with 10 µg/ml nocodazole was sufficient to inhibit the microtubule-dependent dendritic trafficking by tracking mitochondria movement under the same condition. The result showed that the movement of mitochondria labeled with mito-tracker in living neurons was effectively disrupted by nocodazole (Supplementary information, Movies S1 and S2). These results suggested that the newly inserted GluN2A subunits are trafficked independent of microtubule transport, and thus via the non-canonical pathway.
So far, we have shown that a portion of GluN2A co-localized with the ER chaperone Bip in dendrites, and GluN2A specifically interacted with Bip, which suggested that the GluN2A subunits were reserved in the ER in a Bip-binding form to fulfill the requirement for surface expression during LTP. We further confirmed that the newly inserted GluN2A was transported from the dendritic but not the somatic ER because its rapid insertion was blocked by an actin inhibitor but not a microtubule inhibitor. In summary, these data suggested that GluN2A is transported through the non-canonical trafficking pathway, which bypasses the somatic Golgi and is independent of microtubules.
Interaction of GluN2A with Bip is required for the synaptic increase of the GluN2A-containing NMDARs
To further determine whether Bip is required for the neuronal activity-dependent surface expression of Glu-N2A, we used peptides to interrupt the interaction between GluN2A and Bip. Since it is the GluN2A ATD that contains an ER retention signal and interacts with Bip, we first set out to explore whether the ATD is required for the synaptic insertion of GluN2A. We generated two chimeras with switched ATDs, YFP-GluN2A-ATD 2B and npg www.cell-research.com | Cell Research The ER-to-Golgi trafficking inhibitor BFA or CBM was applied to cultured cortical neurons simultaneously with cLTP, and the surface expression of CFP-GluN2A and CFP-GluA1 was assessed by immunostaining. Scale bar = 50 µm. (B) Quantification of surface expression of CFP-GluN2A after cLTP in the presence of BFA or CBM. After cLTP with BFA: 100.2% ± 1.6%, n = 33; after cLTP with CBM: 95.8% ± 4.7%, n = 26. All data are presented as mean ± SEM. (D) Quantification of surface expression of CFP-GluA1 after cLTP. Five minutes after cLTP, surface CFP-GluA1 increased in the presence of BFA or CBM. After cLTP with BFA: 149.1% ± 5.3%, n = 22; after cLTP with CBM: 151.8% ± 5.2%, n = 25. All data are presented as mean ± SEM. **P < 0.01. (E) Quantification of residual NMDA currents of naive group (43.04% ± 4.36%, n = 7) and induced group (75.64% ± 3.65%, n = 6) after application of 3 µM ifenprodil. All data are presented as mean ± SEM. *P < 0.05. (F) Sample traces of NMDAR EPSCs (black) and residual NMDA current after ifenprodil incubation (red) in control group (naive) and after cLTP induction (induced). (G) Quantification of residual NMDA current in the BFA-only group (50.05% ± 7.14%, n = 4) and the BFA with induction group (52.77% ± 3.11%, n = 6) after application of 3 µM ifenprodil. All data are presented as mean ± SEM. (H) Sample traces of NMDAR EPSCs (black) and residual NMDA current after ifenprodil incubation (red), in the presence of BFA (BFA), or with BFA and LTP induction (BFA induced).
A novel mechanism for GluN2A-containing NMDAR synaptic delivery YFP-GluN2B-ATD 2A ( Figure 6A ) and found that the surface expression decreased in both mutants after cLTP induction ( Figure 6B and 6C). These data suggested that the GluN2A ATD is necessary for the surface expression of GluN2A-containing NMDARs during neuronal activation. We then attempted to design a peptide to interrupt the interaction between the ATD of GluN2A and the SBD domain of Bip. Since the crystal structure of neither component has been solved, we simulated their structures based on their homologous proteins GluN2B and HSP70 and then the interaction of GluN2A-ATD and Bip-SBD ( Figure 7A ). Three sequences derived from the ATD of GluN2A at the interface between GluN2A and Bip were used for the synthesis of disrupting peptides. These peptides were fused to the cell membrane transduction domain of HIV-1 TAT. The amino-acid sequences for the three peptides were: PEP-1 (YGRKKRRQRR-RLKIMQDYDWHV), PEP-2 (YGRKKRRQRRRRSL-GLTGYDFF) and PEP-3 (YGRKKRRQRRRELIP-KEFPSGLI). Thirty-minute treatment with 10 µM of any of the disrupting peptides was enough to dissociate GluN2A-ATD from Bip in transfected HEK293 cells ( Figure 7B) . Furthermore, exposure to 20 µM of any peptide for 30 min interrupted the interaction between Bip and GluN2A in cultured cortical neurons ( Figure  7C-7E and Supplementary information, Figure S3A ). However, neither the association between GRP94 and Bip nor that between GluN1 and GluN2A was altered by these peptides ( Figure 7C, 7D and Supplementary information, Figure S3A and S3C). The control scrambled Figure S3B ), confirming the specificity of the disrupting peptides. These results also suggested that GluN1 and GluN2A subunits were not spontaneously assembled when GluN2A dissociated from Bip. Then, we assessed whether the disrupting peptides inhibited the neuronal activity-dependent surface expression of Glu-N2A-containing NMDARs. We first incubated cultured cortical neurons with 20 µM of each of the disrupting peptides PEP-1, PEP-2, and PEP-3 for 1 h, and then analyzed the surface expression of CFP-GluN2A before and after cLTP induction. We found that the surface increase of CFP-GluN2A was abolished by any of the disrupting peptides but not the scrambled peptides ( Figure 8A and Supplementary information, Figure S4 ). We also assessed whether the membrane insertion of CFP-GluA1 was affected in a nonspecific manner. When we incubated CFP-GluA1-transfected cortical neurons with a combination of 60 µM of PEP-1, PEP-2 and PEP-3 for 1 h and then applied cLTP, the surface CFP-GluA1 still increased ( Figure 8B ). We also analyzed whether the peptides inhibited the LTP-induced switch of the GluN2B-to GluN2A-containing NMDARs in hippocampal slices as described in the above experiments, and found that intracellular infusion of PEP-2 (2.3 µM) but not SCR-2 effectively blocked an increase in the GluN2A-containing NMDAR currents ( Figure 8C and 8D) . These results showed that after the Bip and GluN2A interaction was disrupted by PEP-2 derived from the GluN2A ATD, Glu-N2A neither responded to neuronal activity nor inserted Figure 6 The ATD mediated the surface increase of the GluN2A-containing NMDAR during cLTP. (A) Schematic structures of GluN2A-ATD2B and GluN2B-ATD2A. GluN2A is indicated in green and GluN2B in red; the ATDs of GluN2A and GluN2B were switched with their colors unaltered. (B) Surface expression was changed in YFP-GluN2A-ATD 2B and YFP-GluN2B-ATD 2A after cLTP. Scale bar = 50 µm. (C) Quantification of the surface expression of YFP-GluN2A-ATD 2B and YFP-GluN2B-ATD 2A after cLTP, both of which decreased. YFP-GluN2A-ATD 2B : 92% ± 1.1%, n = 50; YFP-GluN2B-ATD 2A : 91.5% ± 1.4%, n = 61. All data are presented as mean ± SEM. **P < 0.01, ***P < 0.001.
A novel mechanism for GluN2A-containing NMDAR synaptic delivery 
Interfering with the interaction between Bip and GluN2A in vivo interrupts the acquisition of fear memory
It is known that the subunit composition of the NMDAR changes during neuronal activation [42, 48] , but the physiological significance of this change is not clear. Therefore, we investigated whether the peptide PEP-2 also functioned in vivo as it did in vitro. First, mice were given an intraperitoneal injection of 10 µm/kg PEP-2. One hour later the hippocampus was dissected out and the Bip-bound GluN2A was co-immunoprecipitated and measured. The results showed that the interaction between GluN2A and Bip was effectively disrupted by PEP-2, but not SCR-2 ( Figure 8E and 8F) . Next, the fEPSP before and after LTP-inducing stimulation was recorded in the SC-CA1 synapse of mouse hippocampal slices harvested 1 h after injection of SCR-2 or PEP-2. The results showed that injection of PEP-2, but not SCR-2 significantly impaired the expression of LTP ( Figure  8G and 8H). We tested whether the injection of PEP-2 affected fear conditioning. Mice were injected with PEP-2 1 h before training, three conditioned stimuli (CS) and an unconditioned stimulus (US) paired trials were conducted as training ( Figure 8I ). Twenty-four hours after training, the mice were placed in the training chamber and the freezing behavior of each mouse was assessed in the presence of the CS or US. The results showed that the formation of contextual fear memory was impaired by PEP-2 but not SCR-2 ( Figure 8J ). Two days after the contextual fear test, the cued fear conditioning was again evaluated. Consistently, the cued fear conditioning was impaired by PEP-2, but not SCR-2 ( Figure 8K ). Since the peptide was injected before training, these data suggested that the acquisition of fear conditioning was impaired by the peptide, which indicates that the association between GluN2A and Bip is a critical factor in memory formation. A novel mechanism for GluN2A-containing NMDAR synaptic delivery vitro and in vivo. (A) Quantification of the effects of a disrupting peptide and the scrambled peptide on the surface expression of the GluN2A-containing NMDARs induced by neuronal activity. cLTP with PEP-2: 98.3% ± 2.9%, n = 31; cLTP with SCR-2: 115.4% ± 5.0%, n = 21. All data are presented as mean ± SEM. *P < 0.05; **P < 0.01. (B) Quantification of the effects of a mixture of all three peptides (PEP-t) on the surface expression of GluA1-containing AMAPRs induced by neuronal activity. cLTP with PEP-t: 155% ± 9.3%, n = 17. **P < 0.01. (C) Sample traces of NMDAR EPSCs (black) and residual current after ifenprodil incubation (red) in control group (peptide control), cLTP induction with PEP-2 (peptide induced) and cLTP induction with SCR-2 (scrambled peptide induced). (D) Quantification of residual NMDAR currents in the peptide control group (30.46% ± 4.10%, n = 6), peptide treatment with induction (35.25% ± 6.98%, n = 7), and scrambled peptide treatment with induction (62.80% ± 7.91%, n = 6), *P < 0.05. (E) The interaction between Bip and GluN2A was evaluated by co-IP with antibody against Bip 1 h after injection of the interrupting peptide PEP-2 or the scrambled peptide SCR-2, and the interaction between GRP94 and Bip was taken as control. (F) Quantification of the interaction between Bip and GluN2A. After injection of the interrupting peptide, the interaction between GluN2A and Bip declined to 30.7% ± 14% (n = 5) compared to the group with scrambled peptide injection. **P < 0.01. (G) Trace of fEPSP in hippocampal slices before and after LTP induction recorded in mice after injection of SCR-2 or PEP-2. (H) Potentiation of the fEPSP slope (normalized to baseline) at 60 min after post-tetanic induction. SCR-2: 141.77% ± 7.17%, n = 8; PEP-2: 129% ± 4.21%, n = 9. *P < 0.05. (I) Fear conditioning in mice injected with interfering peptide (PEP-2) was significantly impaired compared to control (injected with scrambled peptide). Control, n = 9; Peptide, n = 10. (J) Twenty-four hours after training, SCR-2-treated mice showed a longer freezing time than PEP-2-treated mice in the contextual fear conditioning test. SCR-2, 74.03% ± 4.43%; PEP-2, 45.38% ± 5.44%. ***P < 0.001. (K) Forty-eight hours after contextual fear conditioning, PEP-2-treated mice had less freezing in response to the auditory cue. No Tone (cued fear conditioning test without conditioned stimuli): Ctl, 8.57% ± 3.68%; PEP-2, 4.50% ± 2.43%; Tone (cued fear conditioning with conditioned stimuli): Ctl, 37.67% ± 9.86%; PEP-2, 9.77% ± 2.58%. **P < 0.01.
Discussion
Non-canonical trafficking of GluN2A-containing NMDARs during neuronal activation
Synaptic NMDAR subunit composition is dynamically regulated during development and neuronal activation, and correspondingly alters synaptic plasticity. Different trafficking pathways and dynamic regulation of the GluN2A-and GluN2B-containing NMDARs provide a critical mechanism to ensure their appropriate synaptic function in the adult forebrain [6, 7, 10, 12] . The surface expression of GluN2B-containing NMDARs can be changed by inhibiting or promoting its recycling [49] [50] [51] , or by lateral diffusion [14] , while GluN2A-containing NMDARs are primarily located on synapses and much less mobile [16, 52] , therefore the latter seems to be regulated in ways other than recycling or lateral diffusion. It has recently been suggested that both GluN2A and GluN2B can be transported via a non-canonical pathway in which they are transported along dendrites within ER [23, 24] , and it has been demonstrated that during cLTP the dendritic synthesis of GluN2A is initiated [25, 26] . This evidence suggested that the dynamic expression of the GluN2A-containing NMDAR during neuronal activation may depend on non-canonical trafficking. We have provided new evidence for this by showing that the synaptic insertion of GluN2A-containing NMDARs induced by the cLTP protocol depends on their delivery from the ER, and further we demonstrated that microtubules are not required for the transport of GluN2A during this process, which indicates that the GluN2A is indeed delivered directly from the dendrite but not the soma. All together, these results showed that the transport of Glu-N2A was through the non-canonical trafficking pathway. Previous work has shown that dendrites contain key elements for the local synthesis of membrane proteins, such as mRNA, dendritic ER and Golgi outpost [53] [54] [55] ; however, more interesting is the neuronal activity-dependent regulation of non-canonical trafficking and its importance in neuronal plasticity. Here, we found that interfering the non-canonical trafficking of GluN2A disrupted its synaptic insertion, and the LTP and fear conditioning of mice were also affected; all together these results suggest an important role of non-canonical trafficking in neuronal plasticity.
A reserve pool of GluN2A in dendritic ER
In this study, we uncovered a novel mechanism of non-canonical trafficking of GluN2A-containing NMDARs to synapses. We revealed that the ER chaperone Bip reserves GluN2A subunits in the dendritic ER and mediates the assembly and delivery of GluN2A-containing NMDARs at the onset of LTP induction. We also found that Bip selectively interacted with GluN2A and they were partly co-localized in dendrites, indicating the storage of GluN2A subunits inside the dendritic ER. Besides, we found that the co-localization between GluN2A and Bip significantly decreased after cLTP induction, accompanied by an increase of co-localization between GluN2A and PSD95. We also found a decrease of inter-npg www.cell-research.com | Cell Research action between Bip and GluN2A that was accompanied by a simultaneous increase in the interaction between GluN2A and GluN1. These data suggested a transfer of GluN2A from a Bip-bound form inside the dendritic ER to the fully assembled functional receptor expressed in synapses, and this transfer was regulated by neuronal activity. In addition, we found that this mechanism was specific for GluN2A, since GluN2B barely interacted with Bip, and mutant GluN2A with its ATD replaced by that of GluN2B was not delivered to the surface in response to neuronal activity. Thus, the Bip-bound form of GluN2A in the dendritic ER actually serves as a reserve pool of GluN2A subunits for assembly and delivery of its functional receptors. Clearly, this is a different strategy from that of the AMPAR, where the newly inserted synaptic AMPAR in response to neuronal activity mainly comes from recycling vesicles within the dendritic spine; i.e., it is a reserve pool of functional receptors [56] . Similarly, this endosome-dependent recycling is also the mechanism by which the synaptic expression of GluN2B-containing NMDARs is regulated. Such a particular arrangement of GluN2A storage may reflect that the synaptic incorporation of the GluN2A-containing NMDAR is more strictly regulated and also time-coordinated.
Bip is a well-studied multi-functional chaperone protein in the ER [57] . The binding of Bip with its substrates is an ATP-dependent process, and the binding efficacy can be regulated, which makes it a good candidate for regulating multi-subunit protein assembly [58] . For example, Bip binds more tightly to the heavy chain of the class I major histocompatibility complex than to its light chain [59] . The dissociation kinetics of Bip and the heavy chain is regulated by ERdj3, which is a co-chaperone of Bip [58, 59] . Similarly, we found that Bip specifically interacted with GluN2A but not GluN1 or GluN2B, which depends on the ATD of GluN2A. Since the ATD of GluN2A is localized inside the ER lumen when GluN2A is newly synthesized, the neuronal activity signal needs to be transduced from the cytoplasm to the ER lumen in order for Bip to modulate the assembly of NMDAR subunits through the ATD of GluN2A. There may be two avenues for this signal transduction: through trans-ERmembrane proteins, or through Ca 2+ -sensitive chaperone proteins resident in the ER lumen, since the Ca 2+ concentration inside the ER is markedly reduced during LTP. Bip seems to fulfill both requirements. First, it has several co-chaperones that are transmembrane proteins on the ER. For example, ERdj1 is one of the Bip co-chaperones whose cytosolic tail is phosphorylated in vitro by CK2 [59] . Second, the ATPase activity of Bip is altered by Ca 2+ [60] , thus the decrease of Ca 2+ concentration in the ER lumen upon neuronal activation may lead to direct dissociation of Bip from GluN2A. Recently it has been found that activation of the sigma-1 receptor, which is also an ER chaperone, leads to the surface expression of NMDARs [61] . Interestingly, sigma-1 binds directly with Bip and the interaction of these two chaperones is regulated by the Ca 2+ level inside the ER [62, 63] . Since the Ca 2+ concentration in the ER is reduced during LTP, it is possible that the sigma-1 receptor and Bip coordinately regulate NMDAR expression. However, there may be other means by which the signal is transduced into the ER, and future studies are needed to elucidate the mechanism for the coupling of neuronal plasticity with the dissociation of GluN2A from Bip.
Role of the synaptic expression of GluN2A-containing NMDARs in fear conditioning
The surface expression of NMDARs, as well as their subunit composition is dynamically regulated by neuronal activity in the hippocampus [64] [65] [66] , but the role of the newly inserted NMDARs in hippocampal LTP or animal behavior is unclear. The existing evidence suggests that the NMDAR is upregulated to re-establish the baseline AMPAR/NMDAR ratio [67] , or to modify the induction threshold for AMPAR-mediated plasticity which is known as metaplasticity [2, 68] . In this study, we showed that the maintenance of hippocampal LTP was impaired by in vivo application of a peptide that selectively inhibits the forward trafficking of GluN2A-containing NMDARs. This implied that the newly expressed synaptic GluN2A-containing NMDARs are required in hippocampal LTP. More importantly, we provided evidence for a direct link between the molecular modification of LTP and animal behavior, the establishment of fear conditioning. However, further study is needed to assess the possible relationship between impaired hippocampal LTP and the failure to establish fear conditioning.
In parallel with investigations into the possibility of a subunit-selective contribution to plasticity, subunit-specific procedures were also used to analyze whether GluN2A and GluN2B are important for animal behaviors. For instance, GluN2A or GluN2B knockout has been used to study the consequences of the developmental switch in the composition of NMDARs from GluN2B-dominant to GluN2A-dominant [69] and to study the distinct functions of the GluN2A-or GluN2B-containing NMDARs in controlling behavior [69, 70] . Clearly, the weakness of using the knockout approach is that the long-term depletion of a particular subunit may lead to other changes in the entire neuronal network and may also induce compensatory processes. Furthermore, when using knockouts, it is difficult to study changes in NMDAR composition at short-time scales, especially in the mature brain where both the GluN2A-and GluN2B-containing NMDARs are already extensively expressed. However, we found that peptide application changed neither the total nor the surface expression of GluN2A significantly while it effectively interrupted the Bip and GluN2A interaction and inhibited the synaptic insertion of GluN2A-containing NMDARs in response to synaptic activity. These advantages make the peptide ideal for in vivo study of the role of the synaptic GluN2A-containing NMDARs in memory formation in mature rodents. In our study, we tested the effect of intraperitoneal injection of the peptide on fear conditioning and found that the acquisition of fear memory was impaired. Previous studies have demonstrated that blockade of NMDARs with the non-selective antagonist APV [71] or selective blockade of the GluN2B-containing NMDAR [72, 73] impairs the acquisition of fear memory. However, all the antagonists used affect either synaptic plasticity or basic synaptic transmission, since both are themselves NMDAR-mediated processes. In this study, the peptide we generated only inhibited the neuronal activity-induced increase of the GluN2A-containing NMDARs but not the basal levels, in other words the basic synaptic transmission mediated by NMDARs was not affected. Thus, our results provide novel evidence that Bip-mediated and neuronal activity-dependent synaptic insertion of GluN2A-containing NMDARs is required for fear memory formation. Furthermore, this peptide could be used in future for in vivo studies on the function of synaptic increases of the GluN2A-containing NMDARs in other forms of learning and memory.
Materials and Methods
Plasmid construction
The plasmids CFP-GluN2A, CFP-GluN2B, YFP-GluN2B-AT-D 2A , YFP-GluN2A-ATD 2B , pD-ATD 2A -GFP, pD-ATD 2B -GFP and pD-GFP had all been constructed in our previous studies [74] . In brief, CFP-GluN2A and CFP-GluN2B were made by inserting CFP between the signal peptide and the ATD of GluN2A and GluN2B. For YFP-GluN2B-ATD 2A and YFP-GluN2A-ATD 2B , the ATDs were first deleted from GluN2A and GluN2B by conventional DNA mutagenesis, then the ATD of GluN2A was inserted into the ATD-deleted GluN2B mutant and vice versa; the expression vector of pD-ATD 2A -GFP, pD-ATD 2B -GFP and pD-GFP was p-Display in which multiple cloning sites are located at the N-terminal side of its encoded transmembrane domain of platelet-derived growth factor receptor (PDGFR). Thus, ATD 2A -GFP and ATD 2B -GFP were derived by PCR from GFP-GluN2A and GFP-GluN2B which were constructed in previous studies [75] , and then inserted between the XmaI and SacII sites of p-Display to make a chimera with AT-D 2A -GFP or ATD 2B -GFP attached to the transmembrane domain of PDGFR at the C-terminus.
Cortical neuron culture and transfection
Cortical neuron cultures were prepared from E18 rats following the protocol described previously [76] . Neurons were transfected at DIV 10 using Lipofectamine LTX with PLUS (Invitrogen). Plasmids were first mixed with PLUS reagent and then mixed with Lipofectamine LTX and incubated for 30 min at room temperature. The final mixture was added to dishes containing neurons and incubated for 3 h. The culture medium collected before transfection was replaced. 2 µg of plasmid was used in 35-mm dishes according to the manufacturer's protocol. After 4 days, cultured neurons were used for experiments.
cLTP induction
The cLTP protocol used was described previously [30] . Neurons were rinsed twice in extracellular solution (ECS; in mM: 140 NaCl, 1. 
Expression analysis by biotinylation and surface staining
Biotinylation Hippocampal cultures were rinsed twice with icecold PBS (in mM: 137 NaCl, 2.7 KCl, 10 Na 2 HPO 4 , 2 KH 2 PO 4 , pH 7.4) with 1 mM MgCl 2 and 0.5 mM CaCl 2 , then incubated with PBS (with 1 mg/ml sulfo-NHS-LC-biotin; Thermo Fisher Scientific) for 30 min at 4 °C. PBS with 100 µM glycine was added to quench the biotin binding for 15 min at 4 °C. Cells were lysed in ice-cold RIPA buffer (0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100) after rinsing twice with PBS, and incubated at 4 °C for 30 min. Cells were concentrated at 12 000× g for 10 min, and incubated with NeutrAvidin beads (Thermo Fisher Scientific) for 2 h at 4 °C. The beads were then washed three times with RIPA buffer, and proteins were extracted with 2× sample buffer and boiled at 100 °C for 10 min before use for western blot.
Staining Cortical neurons plated on slides were rinsed three times in ECS, fixed in 4% paraformaldehyde for 5 min, and blocked with 5% BSA in ECS for 10 min. Then the neurons were incubated in home-made rabbit anti-GFP primary antibody (1:500) for 15 min, rinsed three times in ECS, and incubated with Alexa-546-conjugated secondary antibody (1:1 000) for another 15 min. After rinsing in ECS for 10 min, neurons were blocked and permeabilized with 0.1% Triton X-100 in PBS containing 5% BSA. They were then incubated in primary and secondary antibodies for 1 h each, with three rinses before and after incubation with secondary antibody. The neurons were examined under a 60×, 1.4 numerical aperture oil-immersion objective on an Olympus confocal microscope equipped with FV1000 software. Surface and intracellular staining were analyzed using Metamorph 5.0 software, and the ratio of surface/intracellular signals after stimulation was normalized to the ratio in transfected neurons before stimulation.
For data acquisition from STORM, we used a method previously described [28] . DIV14 hippocampal neurons on coverslips were fixed in 4% paraformaldehyde for 15 min. After fixation, cells were permeabilized and blocked with 5% BSA in PBS containing 0.2% Triton X-100 for 40 min. Primary and secondary antibodies npg www.cell-research.com | Cell Research were diluted in 5% BSA and applied at room temperature. For immunostaining, coverslips were inverted on a drop (60 µl) of primary antibody solution (PSD95, 1:60; GluN2A, 1:20; Bip, 1:60) on parafilm for 1 h, then washed three times with PBS for 10 min per wash in a 24-well plate and inverted again on a drop of secondary antibody solution (donkey anti-mouse Alexa-405/Alexa-647, 1:50; donkey anti-rabbit Cy3/Alexa-67, 1:50) for 1h. After washing four times in PBS, the coverslips were post-fixed with 3% paraformaldehyde + 0.1% glutaraldehyde in PBS for 20 min and stored in PBS for immediate STORM microscopy.
Extraction of Triton X-insoluble PSD fraction
After washing twice with ECS, the cells were homogenized in buffer A (320 mM sucrose, 10 mM HEPES, pH 7.4) and centrifuged at 12 000× g for 20 min, the supernatant was removed, and the pellet was collected as a crude membrane fraction. The pellet was then dissolved in buffer B (4 mM HEPES, 1 mM EDTA, pH 7.4) and centrifuged at 12 000× g for another 20 min, and this pellet was further dissolved in buffer C (20 mM HEPES, 100 mM NaCl, 0.5% Triton X-100, pH 7.2). After incubation for 15 min at 4 °C, the homogenate was centrifuged at 12 000× g for 20 min, and this pellet was the Triton X-100-insoluble PSD fraction. This was dissolved in buffer D (20 mM HEPES, 0.15 mM NaCl, 1% Triton X-100, 1% deoxycholic acid, 1% SDS, 1 mM DTT, pH 7.5) and incubated at 4 °C for 1 h. After centrifugation at 10 000× g for 15 min, 4× sample buffer was added to the supernatant and the mixture was boiled at 100 °C for 10 min before use for western blot.
Glutathione S-transferase (GST) pull-down assay
After washing glutathione sepharose beads twice with PBS and once with binding buffer (50 mM Tris·HCl, 0.1% Triton X-100, pH 7.4), 10 µg GST or 10 µg GST-SBD Bip was incubated with the beads in 500 µl binding buffer at 4 °C for 2 h. The beads were washed three times with binding buffer, the supernatant was removed, and 500 µl rat brain tissue (extracted by a non-denaturing method) was added and incubated overnight. The beads were washed three times with binding buffer, 2× sample buffer was added, and the mixture was boiled at 100 °C for 10 min before use for western blot.
Electrophysiological recording in hippocampal slices
7-11-day-old Sprague-Dawley rats were anesthetized with ether and decapitated. Transverse hippocampal slices (350 µm thick) were cut in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , 1.0 NaH 2 PO 4 , 26.2 NaHCO 3 and 11 glucose, equilibrated with 95% O 2 and 5% CO 2 . The slices were then allowed to recover for 30 min in ACSF at 37 °C, followed by at least 30 min recover at room temperature before recording. Whole-cell patch-clamp recordings were made from visually identified CA1 pyramidal neurons in the presence of 100 µM picrotoxin at 30 °C. The pipette solution contained (in mM): 115 CsMeSO 4 , 20 CsCl 2 , 10 HEPES, 2.5 MgCl 2 , 4 NaATP, 0.4 NaGTP, 10 NaPhosphocreatine and 0.6 EGTA (pH 7.2). Excitatory postsynaptic currents (EPSCs) were evoked by stimulation of Schaffer collateral/commissural axons at 0.1 Hz using concentric bipolar electrodes placed in the stratum radiatum of CA1 in the presence of 100 µM picrotoxin. Recordings were made using a MultiClamp 700B patch-clamp amplifier (Axon Instruments, Foster City, CA, USA); signals were filtered at 3 kHz, digitized at 10 kHz, and analyzed using pClamp 10.2 (Axon Instruments). Recordings in which the access resistances changed by > 10% were excluded from analysis. As previously described [41] , switching of NMDAR subunit composition was induced by a pairing protocol that was used to induce LTP, composed of a depolarization to 0 mV in the postsynaptic cell and 2 Hz/180 pulse stimulation at Schaffer collateral/commissural axons. Induction success was determined by an AMPAR-mediated current increase after delivery of the protocol; NMDAR-mediated EPSCs were then recorded in the additional presence of 10 µM CNQX and voltage-clamped at +40 mV. To identify the subunit composition of the NMDARs, 3 µM ifenprodil (a GluN2B blocker) was applied for 25-30 min until no further decrease of the NMDA EPSC was observed. BFA (20 µM) and peptides (2.3 µM) were applied in the internal solution throughout the recording procedure.
Electrophysiological recording after in vivo injection of peptide
Transverse hippocampal slices from mice were harvested with a vibratome (Leica VT1200S) 1 h after the mice were injected with peptide (10 µm/kg, i.p.). The slices were recovered in ACSF (in mM: NaCl 119, KCl 2.5, NaHCO 3 26.2, NaH 2 PO 4 1, glucose 11, MgCl 2 1.3, CaCl 2 2.5) at 35 °C for 30 min and then incubated at room temperature. After at least 1 h of recovery, the slices were transferred to a submerged recording chamber and perfused with ACSF at 4 ml/min. Picrotoxin (100 µM) was added to the ACSF during recording and a cut was made at CA3 to avoid epileptic responses. fEPSPs were recorded in the SC-CA1 synapse at 0.033 Hz for 30 min and 100 Hz, 1 sec stimulation was used to induce LTP. The resistances of the recording electrodes were 1-2 MΩ and ACSF was used as the internal solution.
Fear conditioning
Before the fear conditioning experiment, mice were handled for 3 consecutive days. On the training day, mice were injected with 10 µm/kg peptide (i.p.) 1 h before the test, and transferred to a rectangular chamber capable of delivering foot-shocks (Med Associates). Three paired CS and US trials were carried out in the experiment. First, mice were allowed to freely explore the chamber for 3 min and were then exposed to a 30-sec, 5 000 Hz tone (CS). During the final 2 sec of each CS, a 0.5-mA foot-shock (US) was delivered. After the shock, a 90-sec inter-trial interval preceded the next identical trial. To evaluate contextual fear learning, 24 h after training the mice were placed in the chamber for 5 min in the absence of the CS or US and their freezing behavior was assessed. To evaluate cued fear conditioning, 48 h after the contextual fear test the mice were placed in a different chamber and exposed to the CS at 3 min. Freezing behavior was assessed before and after presentation of the CS, and mice were removed from the chamber after a total of 5 min.
Protein extraction
Non-denaturing membrane solubilization Neurons from cortical cultures were rinsed three times in ECS and extracted with pre-cooled lysis buffer (in mM: 50 Tris·HCl, 0.1 PMSF, 1 aprotinin, pH 7.4). The neurons were then ultrasonicated twice for 8 sec each. Rat cortical tissue was first extracted in cold PBS and homogenized in lysis buffer (in mM: 50 Tris·HCl, 320 glucose, 0.1 PMSF, 1 aprotinin, pH 7.4). Then 0.1 volume of Buffer A (10% deoxycholate, pH 7.4) was added to the prepared cell or tissue samples, and incubated at 36 °C for 0.5 h. Next, 0.1 volume of Buffer B (500 mM Tris HCl, 1% Triton X-100, pH 9.0) was added. All samples were dialyzed overnight in binding buffer (50 mM Tris . HCl, 0.1% Triton X-100, pH 7.4), and centrifuged at 37 000× g for 30 min at 4 °C. After centrifugation, the supernatant was used for co-immunoprecipitation experiments.
Denaturing membrane solubilization
Cortical cultures were rinsed three times in ECS, lysed with RIPA buffer (50 mM Tris HCl, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 0.1 mM PMSF, 1 mM aprotinin, pH 7.4), and the extracted neurons were ultrasonicated twice for 8 sec each followed by incubation at 4 °C for 2 h. Samples were then centrifuged at 12 000× g for 10 min at 4 °C and the supernatant was used for SDS-PAGE.
Rat brain tissue was homogenized in RIPA buffer (as above), centrifuged at 700× g for 10 min at 4 °C, the supernatant was incubated at 4 °C for 2 h, and then centrifuged at 12 000× g for 10 min at 4 °C; the supernatant was used for SDS-PAGE.
Co-localization
For co-localization, hippocampal neurons on slides were fixed with 4% paraformaldehyde for 10 min after a brief rinse in ECS, and then permeabilized and blocked simultaneously in PBS containing 0.5% Triton X-100 and 5% BSA for 0.5 h. Then the neurons were incubated in PBS containing both primary antibodies to GFP (rabbit anti-GFP) and Bip (mouse anti-Bip), or GFP (rabbit anti-GFP) and PSD95 (mouse anti-PSD95), or GluA1 (rabbit anti-GluA1) and PSD95 (mouse anti-PSD95) in PBS containing 0.5% Triton X-100 for 1 h, and after rinsing in PBS, neurons were incubated with PBS containing both Alexa 488-conjugated anti-rabbit secondary antibody and Alexa 546-conjugated anti-mouse secondary antibody. After a brief rinse, neurons were examined under a 60×, 1.4 numerical aperture oil-immersion objective on an Olympus confocal microscope, and co-localization ratios were calculated using ImageJ software.
Co-immunoprecipitation
The protein concentration of the supernatant was adjusted to 1 µg/µl. The corresponding antibody was added to 200 µl of sample and incubated overnight at 4 °C. Then 30 µl of solubilized protein A-sepharose beads was added to incubate for another 2 h. The sample was rinsed three times with binding buffer and once with binding buffer containing 500 mM NaCl to remove non-specific interactions. After final centrifugation, the sample was incubated with 2× sample buffer and incubated at 90 °C for 10 min, then used for SDS-PAGE. For input, 15 µl of 4× sample buffer was added to 45 µl of sample and then incubated at 90 °C for 10 min before being used for western blot.
Antibodies and reagents
The primary antibodies used were goat anti-GluN1, mouse anti-PDS-95 (ab13552, Abcam), anti-Bip (ab151269, Abcam), anti-GAPDH (92590, Millipore), anti-tau (ab28031, Abcam), rabbit anti-GluN2A (5546-1, Abcam), anti-Bip (ab21685, Abcam), anti-GRP94 (ab3674, Abcam) and anti-GFP (Ab290, Abcam). The secondary antibodies were goat anti-rabbit IgG-HRP (31420, Pierce), goat anti-mouse IgG-HRP (31460, Pierce), donkey antigoat-HRP (31400, Pierce), donkey anti-rabbit IgG-Alexa 546 (a10040, Invitrogen), donkey anti-mouse IgG-Alexa 488 (a21202, Invitrogen), donkey anti-rabbit-Alexa 488 (a21206, Invitrogen) and donkey anti-mouse IgG-Alexa 546 (a11001, Invitrogen). The reagents used were BFA (B6542, Sigma), CBM (180467, Sigma), cytochalasin D (C8273, Sigma) and nocodazole (M1404, Sigma).
Statistical analysis
All data were analyzed using GraphPad prism 5 software and are represented as mean ± SEM. Data from multiple groups were quantified using one-way ANOVA, and comparisons of two groups were quantified by the student's t-test.
